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Abstract Intense reproductive competition and social
instability are assumed to increase concentrations of
glucocorticoids and androgens in vertebrates, as a means
of coping with these challenges. In seasonally breeding
redfronted lemurs (Eulemur fulvus rufus), the mating and
the birth season and the associated increased male compe-
tition are predicted to pose such reproductive challenges. In
this paper, we investigate seasonal variation in hormone
excretion in male redfronted lemurs, and examine whether
this variation is associated with social or ecological factors.
Although dominance status has been shown to affect
individual stress levels across many taxa, we predicted no
rank-related differences in glucocorticoids for redfronted
lemurs because relatively equal costs are associated with
both high and low rank positions (based on patterns of rank
acquisition/maintenance and threats toward subordinates).
Over a 14-month period, we collected behavioral data
(1843 focal hours) and 617 fecal samples from 13 redfronted
lemur males in Kirindy Forest/Madagascar. We found no
general rank-related pattern of testosterone or glucocorticoid
excretion in this species. Both hormones were excreted at
significantly higher levels during the mating and the birth
season, despite social stability during both periods. The
elevated mating season levels may be explained by increased
within-group reproductive competition during this time
and are in line with previous studies of other seasonally
reproducing primates. For the birth season increase, we
propose that the predictable risk of infanticide in this highly
seasonal species affects male gonadal and adrenal endocrine
activity. We evaluate alternative social and ecological factors
influencing the production of both hormone classes and
conclude based on our preliminary investigations that none
of them can account for the observed pattern.
Keywords Glucocorticoids.Androgens.
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Stress
Introduction
Androgens and glucocorticoids from the testes and adrenals,
respectively, serve several adaptive functions in male
vertebrates. Androgens, in particular testosterone, influence
multiple aspects of male reproductive morphology, physiol-
ogy, and behavior, such as formation of secondary sexual
characters, promotion of spermatogenesis, and expression of
mating behavior (Dixson 1998; Rommerts 1998). Testos-
terone has also been linked to male aggressive behavior in
response to reproductive challenges where increased tes-
tosterone output supports a period of heightened aggression
during territory defense or mate guarding (Wingfield et al.
1990, 2000). Similarly, increased glucocorticoid secretion
may be viewed as an adaptive stress response to challeng-
ing situations (Sapolsky 2002). Circulating glucocorticoids
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creased availability of glucose in the bloodstream, which in
turn helps to counter stressors in short-term challenges
(Nelson 2000).
Such challenging or stressful factors may be ecological
or social events that animals face in their environment.
Ecological stressors such as adverse climatic factors, low
food availability, or high predation pressure have all been
associated with increased levels of glucocorticoids in
primates (Cavigelli 1999; Muller and Wrangham 2004;
Weingrill et al. 2004; Pride 2005a; Engh et al. 2006) and
vertebrates in general (Romero et al. 2000; Pereira et al.
2006; Ylönen et al. 2006; Angelier et al. 2007). At the same
time, social instability due to immigration events or rank
reversals may lead to a stress response (Beehner et al. 2005;
Bergman et al. 2005). Immigration of adult males, in
particular, may represent a source of stress, as the new-
comer(s) may not only challenge rank positions (Alberts et
al. 1992; Bergman et al. 2005) but, in the most extreme
case, may oust the resident male(s) (Pope 1990; Ostner and
Kappeler 2004). Immigration events are also often associ-
ated with an increased risk of infanticide posed by the
immigrating male(s) (Borries 1997; Crockett and Janson
2000; Fedigan 2003) which is another potential source of
stress for both males (Bergman et al. 2005) and females
(Beehner et al. 2005).
Inthisstudy,weinvestigate seasonalandsocialinfluences
on glucocorticoid and testosterone excretion in redfronted
lemur males (Eulemur fulvus rufus). Redfronted lemurs
live in relatively small multimale–multifemale groups in a
highly seasonal habitat with distinct annual mating and
birth seasons (Overdorff 1998; Ostner and Kappeler 1999).
In the study population at Kirindy Forest males within a
group can be classified as either the dominant male or one
of several subordinate males, with the dominant male being
able to outrank all other group members including all adult
females (Ostner and Kappeler 1999; Ostner et al. 2002).
Reproductive skew within these groups is relatively high,
with the dominant male siring the vast majority of infants
(Wimmer and Kappeler 2002). Rank-related costs (sensu
relative allostatic load; Goymann and Wingfield 2004)o f
males should be relatively equal as both rank classes face
only a moderate level of stress. A dominant male needs to
aggressively fight for his rank, but once he is dominant, the
position is relatively easily maintained as rank positions are
rarely challenged. A subordinate male on the other hand
faces constant but only low level threats from dominants,
whose aggression he cannot escape due to the cohesive
nature of redfronted lemur groups (Ostner and Kappeler
1999). We therefore expect no rank-dependent difference in
glucocorticoid levels.
To examine the seasonal pattern of androgens in this
population we investigated the monthly variation of andro-
gen excretion in a previous study and found pronounced
increases in male androgen levels in the months most closely
associated with the mating and the birth season (Ostner et al.
2002). While an androgen rise during the mating season
was expected in terms of reproductive competition, the
latter was unexpected and interpreted as a potential
preparatory mechanism of males to stay aggressive during
a period of increased infanticide risk (Ostner et al. 2002).
Because redfronted lemur infants are weaned early (on
average after 135 days; Kappeler and Pereira 2003), the
critical time window for infanticide (and thus the potential
source of stress) is brief and predictable due to the tight
seasonal reproduction. To deepen our understanding of
redfonted lemur male competition, we investigate seasonal
patterns of hormone excretion again, this time focusing on
glucocorticoids. Specifically, we predict that males respond
to the seasonally occurring challenges of sexual competition
by increased levels of glucocorticoids during the mating and
birth season, respectively, mirroring the seasonal pattern of
androgen excretion. To do so, we also reanalyze androgen
excretion in the samples from our previous study based on
reproductive season rather than monthly variation (Ostner
et al. 2002).
Elevated glucocorticoid levels may also be influenced by
other factors, such as challenges from within the group or
by neighboring groups. At Kirindy, redfronted lemur home
ranges overlap extensively between neighboring groups
(average overlap area is 43%) and groups meet regularly
(Ostner and Kappeler 2004). All adult males generally
engage in intergroup aggression (Ostner unpublished data).
We investigate the impact of these alternative factors, using
the rate of within-group aggressive interactions as well as
the rate of intergroup encounters as measures for potential
stressors. Alternatively, the predicted increase in hormone
excretion during the birth season might also be a response
to ecological factors. To address this hypothesis, we in-
vestigate patterns of diet composition and feeding behavior
across seasons.
Materials and methods
Study site and population
The study was carried out on a population of redfronted
lemurs (Eulemur fulvus rufus). The study site is a 60-ha
area locally known as CS7, which is part of the German
Primate Center (DPZ) field station within the Kirindy/CFPF
forest concession, about 60 km northeast of Morondava,
western Madagascar. This area of dry deciduous forest is
characterized by a pronounced seasonality with a hot rainy
season from November to March/April and a cooler dry
season between May and October (for a detailed description
628 Behav Ecol Sociobiol (2008) 62:627–638of the area, see Sorg et al. 2003). Redfronted lemurs are
preyed upon by the largest Malagasy carnivore, the fossa
(Cryptoprocta ferox), and several birds of prey, including
the harrier hawk (Polyboroides radiatus; Goodman et al.
1993; Rasoloarison et al. 1995). Beginning in 1996, all
animals from seven groups in the study area have been
captured and marked individually with nylon or radio
collars (Biotrack, Wareham, Dorset, UK) and have been
subject to regular censuses (Ostner and Kappeler 2004).
This study covers the period from May 1999 to June 2000,
thus including two mating (4 weeks in May/June) and one
birth seasons (4 weeks in September/October).
Study period and focal groups
Behavioral data and fecal samples were collected from all
adult males (n=13) of three focal groups (groups A, B and
F) living in adjacent home ranges (Ostner and Kappeler
2004). Data of groups A and B were collected throughout
the entire 14-month study. In the mating season of 2000, we
added a third group (group F). Group composition and
important demographic events are listed in Table 1. Due to
the high degree of seasonality in reproduction, we split the
data into five distinct reproductive periods (Table 2): two
mating seasons, covering the 4-week period when all
conceptions took place. Given a gestation period of
121 days (Ostner and Heistermann 2003), we defined
gestation as the 4-month period after the mating season and
the birth season as a 4-week period starting 4 months after
the first day of the preceding mating season. All births
occurred during this period. The period after the birth
season was defined as lactation period, and given a mean
weaning age of 135 days for E. fulvus (Kappeler and
Pereira 2003), was defined as the four and a half months
after the birth season.
Behavioral observations
Data on agonistic behavior were collected from all adult
males of the three groups, using 1-h focal animal sampling
(Altmann 1974), yielding a total of 1,843 h of focal
observational data from the five seasons (Table 2). In gen-
eral, focal animal data were collected continuously on one
group for an entire day before continuing with another
group the following day. Data on male rank relationships,
as well as rates of male–male conflicts are based on this
data set. Interactions were defined as agonistic if at least
one member of a dyad showed aggressive (lunge, charge,
cuff, grab, bite, chase) or submissive (be displaced, cower,
jump away, flee) behavior (Pereira and Kappeler 1997;
Ostner and Kappeler 1999). Male rank was determined on
the basis of “decided” interactions (Hausfater 1975). Within
each group, a central, dominant male, who is frequently
involved in aggressive interactions and is winner in all
decided conflicts, could be unambiguously distinguished
from all other (subordinate) males (Ostner and Kappeler
1999). Within the class of subordinates, males could also be
aligned along a dominance hierarchy, but conflicts were
much less frequent compared to conflicts involving the
dominant male, and these conflicts were more often
undecided. Rank reversals among subordinate males, i.e.,
a lower ranking male winning a decided conflict against a
higher-ranking male, were also uncommon. Male rank
relations were stable throughout the study period with two
exceptions: a short-term instability due to changes in group
composition in group B during February/March 2000 (see
Table 1) and rank reversals among resident males in group F
(eventually leading to the replacement of the alpha male by a
former subordinate male; for details, see Ostner et al. 2002).
We used hourly rate of aggression per individual male as
a measure of within group challenge and the hourly rate of
intergroup encounter as a proxy for between-group compe-
tition. All occurrence data on intergroup encounters were
collected throughout the study period; the hourly rate is
based on the time spent with the group. An encounter with
a specific group was counted once for a given day and
event, independent of the duration or quality of the
encounter. In addition to the continuous focal animal
sampling, the activity of the focal animal was recorded
instantaneously every 10 min. Instantaneous sampling
included all behavioral states (feeding, resting, moving,
etc.), as well as the food item (fruit, flower, bud, leaf,
animal matter, etc.) and plant species consumed in case of
feeding behavior.
Table 1 Group composition,
period of data collection
and demographic events of
study groups
Group Number
of males
Number
of females
Data collection Demographic events
A4 –5 2 May 1999–
Jun 2000
Aug 99: one adult male died
B3 –42 –3 May 1999–
Jun 2000
Feb 2000: one adult male immigrated
Feb 2000: two adult males emigrated
F 3 2 Jun 2000 Jun 2000: Alpha male replacement within group
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storage effect on hormone levels
To assess individual testosterone and glucocorticoid pro-
files, fecal samples were collected from all males of the
three study groups (Table 2). In groups A and B, samples
were collected during all five reproductive periods, whereas
in group F, samples were collected only during the mating
season in 2000. Overall frequency of sample collection
varied depending on reproductive period from every third
day (mating seasons) to every fifth day (gestation, lactation,
birth season), and males were sampled independent of
sampling success for other males, yielding a total of 617
samples (10–89 samples per male). Samples were collected
immediately after defecation and preserved in 8 ml absolute
ethanol until hormone analysis (Kraus et al. 1999).
To evaluate if our storage of redfronted lemur fecal
samples in ethanol potentially affected the fecal testoster-
one and glucocorticoid concentrations as has been demon-
strated for other species (Khan et al. 2002;H u n ta n d
Wasser 2003), we post hoc tested fecal hormone levels as
a function of storage duration. For this, we collected 18
fecal samples from different individuals of our study
population and, after extensive homogenization by hand,
divided each sample into three parts and stored them in
ethanol as described above. Aliquots were kept for 60 days
at the field station at ambient temperatures before being
transported to the laboratory for hormone analysis. The
first set of samples was extracted immediately after arrival
in the lab while the other two sets were extracted after 150
and 240 days (relative to their time of collection) of
storage at field/room temperature. After each extraction,
extracts were stored at −20°C before all extracts were
analyzed at the end of the experiment. For neither the
testosterone nor the glucocorticoid measurement we found
a significant effect of storage duration on fecal hormone
levels (Table 3).
Hormone analyses
Fecal samples were extracted as previously described by
Ostner et al. (2002). From these extracts, concentrations of
immunoreactive testosterone were measured using a vali-
dated microtiterplate enzymeimmunoassay as has been
previously reported (Ostner et al. 2002).
Concerning the fecal glucocorticoid measurements,
unfortunately, we could not conduct an adrenocorticotropic
hormone (ACTH) challenge test for validation as captive
animals for such an experiment were not available.
Furthermore, carrying out this procedure on our study
population of redfronted lemurs would have been too
invasive. We therefore took the approach of applying a
group-specific assay for the measurement of 5ß-reduced
cortisol metabolites (3α,11-oxo-CM) given that (a) these
compounds are abundant in the feces of mammals (Möstl et
al. 2002; Ganswindt et al. 2003; Heistermann et al. 2006)
and (b) that their measurement has been shown to provide
reliable information on endocrine adrenal function in
nonprimate (Möstl et al. 2002; Ganswindt et al. 2003) and
many primate species (Heistermann et al. 2006), including
the sifaka (Propithecus verreauxi), a related lemur species
(Fichtel et al. 2007). In addition, we performed high-
performance liquid chromatography (HPLC) analysis on
fecal extracts as described in Heistermann et al. (2006)t o
obtain information on the characteristics of metabolites
measured in the 3α,11-oxo assay. As shown in Figure 1,
almost all immunoreactivity eluted between fractions 9 and
31, at positions at which in other primate species major
metabolites of cortisol are detected (Heistermann et al.
2006). The similarity between HPLC glucocorticoid immu-
noreactivity profiles from the redfronted lemur sample and
those derived from fecal samples of other primate species
strongly (although indirectly) suggests that the 3α,11-oxo
assay measures similar cortisol metabolites, and we are thus
confident that the assay reliably detects glucocorticoid
output in redfronted lemurs.
For measurement of immunoreactive 3α,11-oxo-CM,
fecal extracts were usually diluted 1:300 in assay buffer
(0.04 M PBS, pH 7.2) and 50 μl aliquots were measured by
microtiterplate enzymeimmunoassay according to the meth-
Table 3 Effect of storage of fecal samples in ethanol on testosterone
and glucocorticoid concentrations
Hormone Duration of storage P value
60 days 150 days 240 days
Testosterone 50.0±8.2 47.5±8.7 47.4±8.4 0.984
3α,11-oxo-CM 848.0±139.1 871.5±204.9 758.7±82.6 0.823
Data represent mean±SEM (ng/g)
Table 2 Observation periods,
focal hours and number of
fecal samples collected
Season Time period Number of samples Number of males Focal hours
Mating 1999 16 May 1999–15 Jun 1999 101 8 429
Gestation 16 Jun 1999–15 Sep 1999 172 8 382
Birth 16 Sep 1999–15 Oct 1999 57 8 155
Lactation 16 Oct 1999–28 Feb 2000 199 8 578
Mating 2000 01 Jun 2000–30 Jun 2000 88 10 299
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(2002). Serial dilutions of fecal extracts from samples of
different males gave displacement curves parallel to that
obtained for the standard. Sensitivity of the 3α,11-oxo-CM
assay at 90% binding was 3 pg, and intra- and interassay
coefficients of variation of high and low value quality
controls were 7.2% (n=16) and 12.1% (n=62) (high) and
10.3% (n=16) and 16.9% (n=60; low), respectively.
Data analyses
Glucocorticoid concentrations across storage times were
tested for significant differences using a one-way ANOVA.
Values of hormone concentrations were not normally
distributed and therefore log-10 transformed (Fowler and
Cohen 1990). Throughout the text, if not stated otherwise,
we refer to transformed values when mentioning hormone
levels. We calculated a mean hormone value for each male
and then took the mean for each grouping in each analysis.
For an overall analysis of the relationship between rank and
hormone levels, we averaged samples from each male
collected during the mating seasons and compared these
mean values of androgen and glucocorticoid concentrations
between both groups of males (one dominant and several
subordinates for each group) using Student’s t test for
dependent samples. In an additional step, we analyzed
individual variation in hormone excretion separately for the
males of groups A and B using year-round data instead of
focusing on the mating season. For this analysis, we used
only stable periods (no changes in dominance hierarchy),
hence all five periods in group A (but excluding one male,
which died early in the study) and the first four periods in
group B (afterwards the group experienced several emigra-
tions and immigrations as well as rank changes, see Table 1).
For these comparisons, we applied one-way ANOVA and, if
applicable, Tukey HSD post hoc tests implemented in
Statistica 7. We used a general linear mixed model (GLMM)
to analyze the effect of a categorical variable (reproductive
season) on a dependent continuous variable, i.e., glucocor-
ticoid or androgen excretion. GLMMs can be viewed as an
extension of general linear models accounting for repeated
measurement of the same individual by including subject as
a random factor in the model (Pinheiro and Bates 2000).
Compound symmetry was selected as covariance structure
for the random factor. GLMM analyses were carried out
using SPSS 11.5. For post hoc analyses, we used pair-wise
comparisons. We also used a GLMM to investigate effects of
social factors, e.g., intergroup encounter rate or rate of
within-group aggression, on individual hormone excretion.
Paired samples t tests were used to compare hormone levels
of males between the birth season and the postbirth season.
The allocation of feeding time to different food categories
was compared between seasons using Kolmogorov-Smirnov-
2-samples tests (KS-tests). All tests were applied two-tailed
with an alpha level of 0.05.
Results
Testosterone and glucocorticoid excretion in relation to
social status
Mean mating season excretion of testosterone and gluco-
cortioids did not vary significantly between males of
different social classes if pooled across groups (t test:
Ndom=4, Nsub=11; testosterone: meandom=2.22, SD=0.07,
meansub=2.12, SD=0.20, t=0.96, p=0.35; glucocorticoids:
meandom=3.09, SD=0.18, meansub=3.15, SD=0.16,
t=−0.66, p=0.52). However, comparing excreted hormone
levels on an individual basis and for both groups separately,
we found a significant effect of rank on glucocorticoid
excretion in both groups (one-way ANOVA: group A: F(3,
282)=3.50, P<0.02); group B: F(3, 272)=6.34, P<0.001;
Fig. 2a and b). Subordinate males across both groups, as well
as within the groups, showed similar glucocorticoid levels.
Values of dominant males, however, differed from those of
subordinates, with the dominant male of group A having the
lowest output, deviating significantly (P<0.05) from both the
second and third ranking males (all other comparisons: n.s.),
whereas in group B, glucocorticoid levels were highest in the
dominant male and decreased with decreasing rank. The
difference between the dominant male and the lowest
ranking male in group B was significant (P<0.01), and there
was a trend for a significant decrease from the dominant
male to the second and third ranking male, respectively (P<
0.1; all other comparisons: n.s.).
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Fig. 1 HPLC profile of immunoreactivity detected with the 3α,11-
oxo assay in a redfronted lemur fecal extract. Arrows indicate
elution positions of 1 cortisol (14–15), 2 corticosterone (22), 3 11ß-
hydroxyetiocholanolone (24–25), 4 11-oxo-etiocholanolone (29–30),
5 5ß-androstane,3,11,17-trione, 6 testosterone (42–43)a n d7
androstenedione, dehydroepiandosterone (55–56). In this HPLC
system, cortisol metabolites elute between fractions 9–31 (see
Heistermann et al. 2006)
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season
Male testosterone excretion differed significantly in relation
to reproductive season, with highest levels being found
during the birth season, intermediate concentrations during
the mating seasons, and lowest levels during the gestation
and lactation period (GLMM: F(4, 28)=14.71; P<0.0001;
Fig. 3).
Pair-wise comparisons revealed that birth season testos-
terone levels were significantly higher compared to those
recorded in all other periods, and that both mating season
levels were significantly higher than those found during the
gestation and lactation period (Table 4). In contrast, there
was neither a significant difference in T levels between the
two mating seasons, nor between gestation and lactation
(Table 4).
As with testosterone, glucocorticoid levels were also
significantly influenced by reproductive season (GLMM: F
(4, 28)=17.01; P<0.0001; Fig. 4). Specifically, and parallel
to testosterone, glucocorticoid levels during the mating
seasons, as well as the birth season, were significantly
higher than those during the periods of gestation and
lactation (Table 5). As with testosterone, there was neither a
significant difference in glucocorticoid levels between the
two mating seasons, nor between the gestation and lactation
period (Table 5).
Testosterone and glucocorticoid excretion in relation to
social and ecological influences
We analyzed the effects of potentially challenging, stressful
factors on hormone excretion. We used hourly rate of
aggression as the within-group measure and hourly rate of
group encounters as the between-group measure (Table 6).
Neither measure of aggression showed a general increase
during the times with higher hormone excretion, i.e.,
mating and birth season, and neither factor was a significant
predictor of testosterone or glucocorticoids excretion in a
GLMM (Table 7). Hence, the pattern of hormone excretion
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Fig. 3 Log-10 transformed testosterone levels in relation to repro-
ductive season (means and SD of eight to ten males depending on
season). Untransformed values are in ng/g dry weight. GLMM: F(4,
28)=14.71; P<0.0001. For samples sizes see Table 2, for results of
post hoc comparisons see Table 4
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Fig. 2 a Mean (+SD) glucocorticoid levels (log-10 transformed) of
four adult males of group A. Samples from all five seasons.
Untransformed values are in ng/g dry weight. Males are aligned
according to their individual ranks. Note, however, that the clearest
distinction is between the dominant male and the class of subordi-
nates. Within the subordinate class only subtle rank differences
existed. One-way ANOVA: F(3, 282)=3.50, P=0.016. Tukey post
hoc tests: single asterisk, P<0.05. All other comparisons are not
significant. b Mean (+SD) glucocorticoid levels (log-10 transformed)
of four adult males of group B. Samples from first four seasons
(mating season 2000 excluded due to social instabilities within the
group). Untransformed values are in ng/g dry weight. Males are
aligned according to their individual ranks. Note, however, that the
clearest distinction is between the dominant male and the class of
subordinates. Within the subordinate class only subtle rank differences
existed. One-way ANOVA: F(3, 272)=6.34, P=0.0004. Tukey post
hoc tests: double asterisk, P<0.01. All other comparisons are not
significant. Dom, dominant male; Sub, subordinate male
632 Behav Ecol Sociobiol (2008) 62:627–638was not simply a general function of increased inter- or
intragroup aggression.
We examined whether ecological factors (e.g., changes
in feeding behavior or diet composition) other than events
related to the birth season might be responsible for the
increase in male androgen and glucocorticoid levels during
this time period. We compared the hormone mean for each
male during the 4-week birth season with the corresponding
value during the 4 weeks immediately following it and
investigated in parallel whether changes in feeding time and
diet occurred. Levels of both hormones significantly
decreased from the birth period to the early post birth
period (paired samples t test: testosterone: n=8,t=2.68, P<
0.05; glucocorticoids: n=8, t=3.93, P<0.01; Fig. 5), but
neither amount time spent feeding, nor the relative
composition of food items in the diet changed between
the two 4-week time blocks. Males fed during 18% of
activity time in the birth and 19% in the postbirth period
(155 and 118 focal animal hours, respectively). Fruits were
eaten 75% of feeding time during the birth season and 72%
during the postbirth period (KS-test: NBS=NPost-BS=6, max.
positive difference=0.167, max. negative difference=−0.33,
n.s.; Fig. 6). In both seasons, the fruit of one particular
species, Astrotrichilia asterotricha (Meliaceae, vernacular
name: Sarihompy), made up for over 50% of total feeding
time.
Discussion
Our study revealed no general rank-related pattern of
testosterone or glucocorticoid excretion in male redfronted
lemurs. Males of both rank classes had similar levels of
both hormones, which is in accordance with expectations
based on social dominance relations in this species. The
most interesting finding of the study was the seasonal
pattern of hormone excretion. Testosterone and glucocorti-
coids were both excreted at high levels during the mating
season as well as during the short annual birth season. We
will discuss these results below, highlighting possible social
as well as ecological factors that may underlie this pattern.
Relationship between social status and hormone excretion
Despite the multitude of studies on the relationship between
stress physiology and social status in vertebrates, no clear
pattern has emerged (Creel 2001). Two recent publications,
one on mammals and birds in general (Goymann and
Table 5 P values of pair-wise comparisons of mean differences in log
10 transformed glucocorticoid values across different reproductive
seasons
Season Mating 99 Gestation Birth Lactation Mating 00
Mating 99 –– – – –
Gestation 0.001 –– ––
Birth 0.210 0.030 –– –
Lactation 0.000 0.056 0.000 ––
Mating 00 0.071 0.000 0.003 0.000 –
Table 4 P values of pair-wise comparisons of mean differences in log
10 transformed testosterone values across different reproductive
seasons
Season Mating 99 Gestation Birth Lactation Mating 00
Mating 99 –– – – –
Gestation 0.036 –– ––
Birth 0.002 0.000 –– –
Lactation 0.001 0.181 0.000 ––
Mating 00 0.931 0.035 0.001 0.001 –
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Fig. 4 Log-10 transformed glucocorticoid levels in relation to
reproductive season (means and SD of eight to ten males depending
on season). Untransformed values are in ng/g dry weight. GLMM: F
(4, 28)=17.01; P<0.0001. For samples sizes see Table 2, for results of
post hoc comparisons see Table 5
Table 6 Hourly rates of within group aggression (mean and standard
deviation of 8–10 males) and intergroup encounters (mean of 2–3
study groups) across the five reproductive seasons
Season Within group aggression Inter-group encounters
Mean SD Mean
Mating 99 0.47 0.34 0.07
Gestation 0.30 0.26 0.12
Birth 0.45 0.32 0.06
Lactation 0.49 0.21 0.08
Mating 00 0.68 0.52 0.04
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et al. 2003), set out to identify the bases for the observed
variation. Both approaches used similar assumptions re-
garding the intensity of stress in either dominance position,
i.e., the costs of acquiring and maintaining a high rank and
the frequency and intensity of aggression a subordinate is
exposed to. Based on our observed characteristics of rank
acquisition and rank relationships in redfronted lemurs, we
assigned similar costs for both rank classes and conse-
quently predicted no rank-related differences in glucocorti-
coid output. This prediction was confirmed when data from
dominant and subordinate males were pooled across
groups, indicating that inequality of the different rank
positions was apparently not pronounced enough to lead to
significant rank effects in glucocorticoids.
Looking at the two groups separately, we found glucocor-
ticoid levels to be similar between subordinate males (both
within a group and between groups). At the same time,
glucocorticoidexcretionofdominant males differed markedly
betweengroups,aswellasbetweenthedominantmaleandthe
subordinates of his group. In one group, the dominant male
exhibited highest glucocorticoid levels, whereas the opposite
was found in the second group. Given the lack of a general
effectofrankonmaleglucocorticoidoutputinthispopulation,
it may be that other more subtle or individual factors affect
glucocorticoid levels of individual males, irrespective of rank.
In this respect, group instability has been proposed as one of
the main predictors of male glucocorticoids levels in both
dominantand subordinate individuals (Sapolsky 1983, 1993).
Whether this could provide a post hoc explanation for the
contrasting findings on the relationship between male rank
and glucocorticoid output in the two study groups is not
clear. Group composition was similar in both study groups
(i.e., the number of subordinate males was the same and
there were no obvious rank challenges in either of the two),
but group B was characterized by frequent excursions by the
two natal subordinate males, culminating in their emigration
in February 2000 (promptly followed by the immigration of
an older male, which eventually became dominant in this
group a few months later). It is therefore possible that this
group was unstable a long time before it became evident to
the observer. Because our results demonstrated the lack of a
consistent rank-glucocorticoid relationship, further studies
are needed on more groups to investigate individual and life
history effects, such as age-dependent changes in glucocor-
ticoid excretion.
Seasonal effects on testosterone and glucocorticoid output
Both, glucocorticoids and testosterone, showed similar sea-
sonal patterns with significant increases during both the
mating and the birth season. The mating season increase in
testosterone was expected, given the importance of testoster-
one in triggering sexual and aggressive behavior as well as
physiological processes vital for reproduction (Wickings et al.
1986;B a u m2002). In this respect, our results compare well
with data on other seasonally reproducing primate species
(Kraus et al. 1999; Barrett et al. 2002; Lynch et al. 2002;
Bales et al. 2006;D r e a2007). Because the mating season is
a predictable time of increased energetic demands caused by
Table 7 Results of GLMM on social influences on hormone
excretion
Fixed factor Testosterone Glucocorticoid
FPFP
hourly rate of within group
aggression
1.717 0.201 0.009 0.927
Hourly rate of inter-group
encounter
3.247 0.090 0.263 0.661
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Fig. 5 Mean log-10 transformed
testosterone and glucocorticoids
excretion of eight males during
the 4-week birth season and the
four week period immediately
following the birth season (post-
birth season). Asterisk indicates a
significant difference at P<0.05,
double asterisk at P<0.01
634 Behav Ecol Sociobiol (2008) 62:627–638expenditures and costs associated with reproductive compe-
tition and mating, our finding of increased glucocorticoid
production during this time period is also not surprising.
Again, our data are in line with studies on several other
seasonally reproducing primate species showing marked
mating season elevations in glucocorticoid output (Schiml
et al. 1996; Strier et al. 1999; Barrett et al. 2002; Lynch et
al. 2002), including other lemur species (Lemur catta:
(Pride 2005b), Propithecus verreauxi: (Fichtel et al.
2007). In contrast, our results of increased glucorticoid
as well as testosterone levels during the birth season is
unexpected and deviates from patterns found for example
in Propithecus verreauxi, where birth season testosterone
(Brockman et al. 1998;B r o c k m a ne ta l .2001) and gluco-
corticoids (Fichtel et al. 2007) were significantly decreased
compared to the mating season.
It is known that social as well as ecological factors may
play an important role in modulating glucocortioid produc-
tion (Romero et al. 2000; Muller and Wrangham 2004). As
already mentioned, social instability has been identified as
one of the major social factors influencing glucocorticoid
levels in male primates (Sapolsky 1993; Bergman et al.
2005). In our study, however, group composition during the
birth season was stable, and there were no changes in the
dominance hierarchy during this period. Furthermore, rates
of within-group aggression were not correlated with
changes in glucocorticoid levels. Social challenges from
outside (measured as rate of intergroup encounters) also did
not reveal a significant effect on glucocorticoid levels.
However, encounters might pose no risk because they are
quite frequent (on average almost once per day), and
usually nonaggressive because most often group members
did not interact at all (Ostner et al. 2002).
In redfronted and ringtailed lemurs, episodic targeted
aggression by two or more individuals against a group
member typically of the same sex has been observed
regularly (Vick and Pereira 1989; Pereira 1993). In captive
ringtailed lemurs, targeted aggression among females
peaked during the mating and birth season (Vick and
Pereira 1989), which makes it relevant for our findings of
birth season-related increases in glucocorticoid excretion.
However, in redfronted lemurs, the seasonal pattern was
less obvious, and in both species, most episodes involved
females. All bouts of male targeted aggression occurred
during the mating season, when male competition presum-
ably is most intense (Vick and Pereira 1989). This lemur-
specific phenomenon can therefore not explain the increase
in glucocorticoids during the birth season in redfronted
lemur males either.
In addition to social factors, ecological pressures, such as
reduced food availability, predation risk, or climatic factors,
have been reported to affect glucocorticoid output in a
variety of species (Muller and Wrangham 2004; Weingrill
et al. 2004). For several reasons, our results suggest that the
observed increase in glucocorticoid levels during the birth
season has social rather than ecological causes. First,
predation rate in Kirindy redfronted lemurs is generally
extremely low (six potential predation cases in three study
groups between 1996 and 2000), and there is no obvious
seasonal pattern in predation risk (Ostner and Kappeler,
unpublished data). Second, the observed increase in
glucocorticoid concentrations lasted for only 4 weeks
before levels decreased again markedly. An ecological
cause, e.g., low food availability, is not expected to be as
extremely constrained in time (i.e., limited to a single
month). Third, neither the amount of time the animals spent
feeding, nor the composition of their diet, changed
significantly between the birth season and the period
immediately following it. In fact, the main food item (fruits
of the species Astrotrichilia asterotricha) remained the
same in both periods. A study on monthly fruit availability
in Kirindy Forest (Bollen et al. 2005) also found no
difference between birth and postbirth period in the
proportion of monitored trees bearing juicy, fleshy fruits.
The amount of these potentially preferable fruits increased
significantly in December (Bollen et al. 2005), but this was
well past the decline in glucocorticoids in our study males.
Finally, testosterone and glucocorticoids followed a parallel
pattern, which makes an ecological influence rather
unlikely. In this respect, a study on chimpanzees revealed
that short-term changes in food availability did also not lead
to decreased androgen production, indicating that acute
changes in testosterone were caused by social, rather than
ecological factors (Muller and Wrangham 2005). Although
ecological influences cannot completely be ruled out as an
explanation for enhanced birth season androgen and
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Behav Ecol Sociobiol (2008) 62:627–638 635glucocorticoid production in male redfronted lemurs, our data
suggest that the simultaneous increase in both hormones were
an effect of social rather than ecological challenges. However,
to rigorously test the hypothesis of ecological influences on
stress levels in this population, we clearly need more data on
year-round food availability and energy budgets.
In our previous study on male androgen excretion, we
proposed the post hoc explanation that the increased testos-
terone production during the birth season might enable males
to stay aggressive during this predictable period of infanticide
risk (Ostner et al. 2002). The present result of a parallel
increase in glucocorticoids supports, but certainly cannot
prove, this hypothesis. Infanticide is a viable male strategy
also in annually reproducing species because the cessation of
lactation may improve a female’s physical condition and
consequently also the survival prospects of the subsequent
infant (Pereira and Weiss 1991). Although not directly
observed in our study population, infanticide in redfronted
lemurs has been observed in captivity and the wild, and
always occurred in the first month postpartum (Jolly et al.
2000). Because redfronted lemur infants are weaned at an
early age, the critical time window is limited to a short
period following the birth of an infant until weaning. Due to
pronounced seasonal reproduction, this time period is
predictable for males, possibly allowing a male to prepare
for the challenge. Increased glucocorticoids may aid in the
defense against an incoming male because preparation for
physical contest requires a condition in which the body is
primed for mobilizing extra energy, which is one of the main
actions of glucocorticoids (Sapolsky et al. 2000;S a p o l s k y
2002).
Such a possible link between increased male physiolog-
ical stress and the risk of infanticide has also been proposed
for chacma baboons (Bergman et al. 2005). Here, after the
immigration of a new male into a baboon troop, males with
a “friendship” with a lactating female showed an increase
in glucocorticoids, whereas stress hormone levels stayed
the same in males without a female friend. The authors
concluded that this might occur because male friends are
often the likely fathers of their friend’s offspring and will
hence need to defend the infant against other males.
Unfortunately, we do not have any data on infanticidal
attacks and male defense of infants in our study population.
However, reproductive skew is high (Wimmer and Kappeler
2002) making it likely that dominant males need to defend
infants. However, females mate with all resident males,
effectively confusing paternity (Ostner and Kappeler 1999),
which should prompt all potential fathers to defend infants
against strange males. Under these circumstances, height-
ened androgen and glucocorticoid production in each male
during the time when infants are born may be a proximate
mechanism underlying an increase in individual male
fighting ability and thus reduce the risk of infanticide.
Conclusion
In this paper, we investigated seasonal fluctuations in
androgen and glucocorticoid excretion in male redfronted
lemurs. The period with the greatest impact on testosterone
and glucocorticoids were the mating season with its
physiological and competitive challenges, as well as the
birth season. Concerning the latter, we propose that the
predictable risk of infanticide in this highly seasonal species
has a major influence on male gonadal and adrenal
endocrine activity. Several alternative social and ecological
factors that have been reported to influence the production
of the two hormone classes were investigated as well, but
none of them can account for the observed pattern. To
further investigate influences on glucocorticoid production
in redfronted lemurs future studies should include measures
of predation risk, possibly via an experimental set up,
degree of feeding competition and seasonality of food
abundance. Crucially, our analysis of seasonal stress in
redfronted lemurs needs to be extended to females, which
should be equally or even more targeted by most of the
investigated social and ecological stressors.
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